Background Intact cartilage in the lateral compartment is an important requirement for medial unicompartmental knee arthroplasty (UKA). Progression of cartilage degeneration in the lateral compartment is a common failure mode of medial UKA. Little is known about factors that influence the mechanical properties of lateral compartment cartilage.
Questions/purposes The purposes of this study were to answer the following questions: (1) Does the synovial fluid white blood cell count predict the biomechanical properties of macroscopically intact cartilage of the distal lateral femur? (2) Is there a correlation between MRI grading of synovitis and the biomechanical properties of macroscopically intact cartilage? (3) Is there a correlation between the histopathologic assessment of the synovium and the biomechanical properties of macroscopically intact cartilage? Methods The study included 84 patients (100 knees) undergoing primary TKA for varus osteoarthritis between May 2010 and January 2012. All patients underwent preoperative MRI to assess the degree of synovitis. During surgery, the cartilage of the distal lateral femur was assessed macroscopically using the Outerbridge grading scale. In knees with an Outerbridge grade of 0 or 1, osteochondral plugs were harvested from the distal lateral femur for biomechanical and histologic assessment. The synovial fluid was collected to determine the white blood cell count. Synovial tissue was taken for histologic evaluation of the degree of synovitis. Results The mean aggregate modulus and the mean dynamic modulus were significantly greater in knees with 150 or less white blood cells/mL synovial fluid compared with knees with greater than 150 white blood cells/mL synovial fluid. There was no correlation among MRI synovitis grades, histopathologic synovitis grades, and biomechanical cartilage properties. Conclusions The study suggests that lateral compartment cartilage in patients with elevated synovial fluid white blood cell counts has a reduced ability to withstand compressive loads. Level of Evidence Level III, diagnostic study. See the Instructions for Authors for a complete description of levels of evidence.
Introduction
Osteoarthritis (OA) is one of the most common causes of knee pain and disability [11, 13, 51] . Overall, knee OA is more common in the medial than in the lateral compartment [31] . Unicompartmental knee arthroplasty (UKA) is an effective treatment option for end-stage medial compartment arthritis [10] and currently is experiencing increasing popularity [41, 46] . Intact cartilage in the lateral compartment is an important requirement for medial UKA [17] , but its assessment remains challenging [23] .
Brocklehurst et al. [7] showed that there is no significant difference in the biochemical composition between visually intact cartilage from osteoarthritic and nonarthritic knees. Obeid et al. [35] , however, showed that clinically, radiologically, and morphologically intact cartilage in the uninvolved compartment is mechanically inferior to cartilage from nonarthritic knees. Inflammation is recognized to play a substantial role in the pathogenesis of osteoarthritis [5, 6, 16, 34] . In more recent years, several inflammatory mediators released by cartilage, bone, and synovium have been described [16, 19, 25] . Determination of the number of white blood cells (WBC) in the synovial fluid is a crucial diagnostic test in the discrimination between inflammatory or noninflammatory forms of joint effusion [14, 43, 47, 49] . The biomechanical properties of articular cartilage are governed by the composition and structure of its extracellular matrix [9] . Cartilage remodeling processes are highly active under inflammatory conditions [37] . The increased turnover rate and atypical composition of newly synthesized extracellular matrix appear to compromise the quality of the extracellular cartilage matrix [27, 29] . These compositional changes affect the mechanical stability of articular cartilage which ultimately leads to fibrillation and fissure formation [40, 44] .
To our knowledge, whether the presence of intraarticular inflammation has an effect on the quality of lateral compartment cartilage in patients considered for UKA has not been reported.
The objective of our study was to evaluate the effect of increased inflammation in the knee on the biomechanical properties of macroscopically intact lateral compartment cartilage in patients undergoing TKA for varus OA.
We asked the following research questions: (1) Does the synovial fluid WBC count predict the biomechanical properties of macroscopically intact cartilage of the distal lateral femur? (2) Is there a correlation between MRI grading of synovitis and the biomechanical properties of macroscopically intact cartilage? (3) Is there a correlation between the histopathologic assessment of the synovium and the biomechanical properties of macroscopically intact cartilage?
Patients and Methods
Eighty-four patients (100 knees) undergoing primary TKA for varus OA were prospectively enrolled in our study between May 2010 and January 2012. The exclusion criteria were secondary arthritis and neutral or valgus alignment observed on hip-to-ankle AP standing radiographs.
During surgery, the distal lateral femoral condyle of all knees was macroscopically analyzed using the Outerbridge grading scale [36] . Knees with an Outerbridge Grade 2 or more were excluded from the current study because they were not considered potential candidates for UKA, leaving 72 knees (37 left knees and 35 right knees) in 63 patients (29 men and 34 women) included in the study. The mean age of the patients was 66 years (range, 49-87 years), and their mean BMI was 25.1 kg/m 2 (range, 17-37 kg/m 2 ). The study was approved by the institutional review board and all participants signed an informed consent.
Radiographic and MRI Protocols
Each patient received a preoperative standardized hip-toankle AP standing radiograph and underwent MRI of the knee. All images were stored in a generic DICOM format.
Hip-to-ankle AP standing radiographs were obtained following standardized institutional protocols with the crosshair of the radiographic beam centered between the knees.
All subjects underwent MRI using 1.5-T or 3-T clinical scanners (GE Healthcare, Waukesha, WI, USA) using an eight-channel phased-array transmit receive coil (Invivo, Orlando, FL, USA), a quadrature receive-only lower extremity coil (Invivo), or a three-channel phased-array receive-only shoulder coil (USA Instruments Inc, Aurora, OH, USA). Two-dimensional fast spin echo images were obtained in three planes.
The radiographic grading and all measurements were performed on a picture archiving and communication system with commercial planning software (Sectra IDS7 TM ; Sectra, Linköping, Sweden).
On hip-to-ankle AP standing radiographs, the hip-kneeankle angle was defined as the angle between the femoral mechanical axis (center of hip to center of knee) and the tibial mechanical axis (center of knee to center of ankle) [30, 32, 33] . On MRI, overall synovitis in the knee was assessed using the Whole-Organ Magnetic Resonance Imaging Score (WORMS) which is based on the estimated percentage of synovial cavity distension, taking into account joint effusion and synovial thickening or debris: no distension (Grade 0), 0% to 33% distension (Grade 1), 34% to 66% distension (Grade 3), and 67% to 100% distension (Grade 4) [39] .
Sample Collection
During surgery, 8-mm osteochondral plugs were removed from the center of the distal lateral femoral condyle. Osteochondral samples were placed in protease inhibitor (Sigma Aldrich, St Louis, MO, USA) and stored at À20°C. Synovial fluid was aspirated before opening the capsule, and sent for a WBC count. The WBC count served as an indicator of inflammation in the knee. Samples of synovial tissue were taken from the suprapatella pouch along the anterior distal femur and sent to the pathology laboratory for further processing in 10% buffered formalin.
Synovial fluid was available from 47 knees in 47 patients. These knees were split into two groups to assess the effect of the synovial fluid WBC count on biomechanical cartilage properties. The two groups were formed in a way so that the synovial fluid WBC count in Group 1 resembled the number of normal nonarthritic knees (63 WBC/mL) [42] . Therefore, starting with the lowest available synovial fluid WBC counts, knees were included in Group 1 in an ascending order. At 150 WBC/mL, the mean count in Group 1 best matched the synovial fluid WBC count previously described for normal, nonarthritic knees [42] . The mean synovial fluid WBC count of 63/mL was defined as normal before initiation of the study. The separation in the two groups at 150 WBC/mL does not serve as a cutoff and is based only on the mean synovial fluid WBC count for normal knees. The mean synovial fluid WBC count was 60/mL (95% CI, 44-75) in Group 1 (n = 34 knees, 34 patients) and 328/mL (95% CI, 212-434) in Group 2 (n = 13 knees, 13 patients), respectively.
Demographic data for patients in Groups 1 and 2 showed no differences regarding age, sex, mechanical alignment, macroscopic Outerbridge grades, microscopic Mankin grades, MRI synovitis grades, or histopathologic synovitis grades (Table 1) .
Biomechanics
Each osteochondral sample was oriented so that the center of the sample was perpendicular to a porous indenter (diameter, 1.25 mm) that was attached to the upper actuator of an EnduraTEC testing machine (EnduraTEC ElectroForce 1 3200; Bose 1 Corporation, Eden Prairie, MN, USA). The load cell was zeroed with the weight of the indenter. The indenter was manually brought in close proximity to the cartilage surface and contact was determined when the load cell read approximately 1g. Then a compressive load of 20 g equivalent to 0.16 N/mm 2 was applied at a rate of 5 g/second and held for 1 hour. A saline drip was applied to keep tissue moist throughout testing. After testing was completed, the indenter fixture was replaced with a needle fixture to measure cartilage thickness. The needle was started at the surface and moved through cartilage at 0.05 mm/second until it pierced bone. When the needle reached the cartilage-bone interface a drastic change in stiffness was observed. After * There were no significant differences between the two groups. Synovial fluid was available for only 47 patients. For the remaining patients, no synovial fluid could be aspirated from their knees during surgery.
Volume
For data extraction of the biomechanical tests, displacement-time data were numerically fit to the biphasic indentation creep solution to determine the aggregate modulus (Ha) at each test site [8, 26] . The dynamic modulus was calculated by determining the stress and strain during the initial ramping portion of the test and identifying the linear slope of the resulting stress or strain curve. Data extraction resulted in bad data for six of the 72 knees, therefore, statistical analysis on biomechanical data was performed for 66 knees.
Histology
After biomechanical testing, osteochondral samples were decalcified in standard HCl solution with a chelating agent (Thermo Scientific, Waltham, MA, USA) and embedded in paraffin. Two 5-lm-thick sections were cut from each block and stained with hematoxylin and eosin and with safranin O-fast green. All sections were scored in consensus by an experienced, board-certified pathologist (GP) and a trained research fellow (WW) using the Mankin cartilage grading system [28] . The Mankin classification considers cartilage structure, cellularity, safranin O staining, and tidemark integrity and ranges from 0 (normal) to 14 (severe OA).
The synovial tissue was entirely sectioned at macroscopic examination, adequately sampled, and underwent standard processing, paraffin embedding, sectioned at 5 lm, and was stained with hematoxylin and eosin. Inflammation of the synovium was assessed using a validated histopathologic grading system [20, 21] which includes an analysis of the following morphologic alterations: (1) hyperplasia/enlargement of synovial lining cell layer; (2) activation of resident cells/synovial stroma; and (3) inflammatory infiltration. Each histopathologic quality is graded from absent (0), slight (1), and moderate (2), to strong (3), with summaries ranging from 0 (no inflammation) to 9 (strong synovitis).
The intraobserver reliability for the histopathologic cartilage assessment was performed for 20 random samples at two occasions separated by 4 weeks. Single measures are given for intraobserver calculations. Intraobserver and interobserver reliabilities for measurements of hip-kneeankle angle have been reported [52] . An excellent intraobserver intraclass correlation coefficient (0.955) was observed for the microscopic cartilage assessment.
The histologic evaluation confirmed the intraoperative macroscopic assessment of cartilage in the lateral compartment. Osteochondral samples from 70 of 72 (97%) knees graded as Outerbridge Grade 0 or 1 had a histologically normal structure or only some surface irregularities. Among all knees visually assessed as intact (Outerbridge Grade 0/1), only one sample had clefts to the transitional zone and one sample had clefts to the radial zone, respectively. The mean Mankin grade was 1.1 (95% CI, 0.7-1.5).
For descriptive analysis, the hip-knee-ankle angle was expressed in degrees with 95% CIs and cartilage thickness was expressed in millimeters with 95% CIs. The distributions of all variables were examined in an exploratory data analysis and tested for normality using KolmogorovSmirnov tests. Because not all variables met the criteria for a normal distribution, the Mann-Whitney U test was performed to compare the distribution of variables. Spearman rank correlation (r s ) was used for nonparametric correlations. A two-way mixed model with 95% CIs was used for calculation of the intraclass correlation coefficient. Probability values less than 0.05 were considered significant. 
Results
The lateral compartment cartilage is mechanically inferior in knees with an elevated synovial fluid WBC count. The mean aggregate modulus (Fig. 1 ) and mean dynamic modulus (Fig. 2) were significantly greater in Group 1 (B 150 WBCs/mL) compared with Group 2 ([150 WBCs/ mL) ( Table 2) . MRI grades of synovitis did not correlate with the aggregate modulus (r s = 0.097, p = 0.437) nor did it correlate with the dynamic modulus (r s = À0.096, p = 0.442).
Similarly, no correlations were observed between the histopathologic synovitis grades and the aggregate modulus (r s = À0.115, p = 0.362) and the dynamic modulus (r s = À0.061, p = 0.628), respectively. There was no correlation (p = 0.192) between the MRI grades of overall synovitis and the histopathologic synovitis grades.
Discussion
Successful outcomes with UKA require strict observation of indications [12] . One of the most important factors influencing long-term survival is the condition of cartilage in the opposite femorotibial compartment [48] . Little is known about factors that influence the mechanical properties of lateral compartment cartilage. To the best of our knowledge, there is no published study describing the clinical value of assessing intraarticular inflammation in the preoperative workup for UKA. We therefore evaluated the clinical value of the synovial fluid WBC count, the MRI synovitis grading system, and the histopathologic assessment of the synovium in patients with medial compartment arthritis. Our study showed that the lateral compartment cartilage is mechanically inferior in knees with an elevated synovial fluid WBC count. However, no correlations were observed between MRI synovitis grades and histopathologic synovitis grades, and any of the biomechanical cartilage properties.
Our study has some limitations. First, the groups were selected to create one group with synovial fluid WBC similar to that of nonarthritic joints [42] . It can be argued that the separation based on normal synovial fluid WBC is arbitrary and based only on previously reported values of normal synovial fluid WBC counts. However, we do not aim to suggest a cutoff level of synovial fluid WBC predicting normal biomechanical cartilage properties. Rather, our study shows that relatively small differences in synovial fluid WBC already have a substantial effect on cartilage properties. Second, this is a clinical study and not an experimental study. Therefore, a causal relationship between increased synovial fluid WBC counts and reduced cartilage stiffness cannot be concluded with certainty. However, we tried to control for as many confounding variable as possible: age, sex, mechanical alignment, macroscopic Outerbridge grades, microscopic Mankin grades, MRI synovitis grades, and histopathologic synovitis grades. Third, we did not analyze cytokines and chemokines profiles of synovial fluid, which might be helpful to discriminate between knees with early degenerative changes and more advanced OA in the lateral compartment [18] . Fourth, in 25 of the 72 knees, no synovial fluid WBC count was available because we were unable to aspirate fluid. This could have affected the sample size in Group 2. Fifth, because the same osteochondral plugs were analyzed biomechanically and Fig. 2 A box plot illustrates the significant difference (p = 0.010) in the dynamic modulus between Group 1 and Group 2. Group 1 has a mean WBC count of 60/mL (95% CI, and Group 2 has a mean WBC count of 328/mL (95% CI, 212-434), respectively. histologically, the initial biomechanical test could have affected the histologic analysis. To minimize this affect, biomechanical tests always were performed in the middle, whereas the histologic sections were cut on the periphery of the 8-mm plug. Sixth, cartilage samples were not tested biochemically, which does not allow correlating inflammation to water, proteoglycan, and collagen content. Finally, there was no postoperative followup to investigate whether the lateral compartment actually deteriorates more rapidly in knees with high preoperative synovial fluid WBC counts. Although important, this question is beyond the scope of the study. Future studies are needed to confirm that intraarticular inflammation presents a risk factor for more rapid cartilage degeneration after prosthesis implantation in a UKA. The study suggests that the lateral compartment cartilage in patients with elevated synovial fluid WBC counts shows reduced ability to withstand compressive loads. Knees with medial unicompartmental arthritis and increased synovial fluid WBC counts have mechanically inferior cartilage in the lateral compartment compared with knees with a WBC count less than 150/mL. The data provide additional insight into which patients are at risk for progression of lateral compartment cartilage degeneration after medial UKA. The American College of Rheumatology defines that up to 2000 WBC/mL synovial fluid are normal for osteoarthritic joints [2] . These values can be explained by a moderate inflammatory response to osteoarthritis [3] . In the current study, the two groups were formed in a way so that the synovial fluid WBC count in Group 1 resembled the number for normal nonarthritic knees. The mean synovial fluid WBC count in our study is relatively low in comparison to this, which also is reflected in low histopathologic synovitis grades. Our study is unique because it suggests that even small changes in synovial fluid WBC levels have an influence on the biomechanical cartilage properties and might explain significant differences of the biomechanical properties of lateral compartment cartilage.Based on the available literature, we believe our study is the first describing the influence of joint inflammation on biomechanical properties of lateral compartment cartilage in medial unicompartmental arthritis.
The aggregate modulus in our study was within the range previously reported for normal human lateral femoral condyles [4, 22, 50] . However, the calculated dynamic modulus was lower than described by Kurkijärvi et al. [22] . They reported on the dynamic modulus of 13 nonarthritic samples of the distal lateral femur with a mean dynamic modulus of 10.0 MPa and a SD of 3.7 MPa. Whether these higher values are caused by the small sample size (n = 13) in their study or because they present samples from nonarthritic knees remains unclear [22] . The MRI synovitis grades did not correlate with cartilage biomechanics. The MRI grading scale we used classifies synovitis in four grades based on overall synovial distension. We believe that a more refined grading scale is required to establish correlations of biomechanical cartilage properties with grades of synovial inflammation on MRI.
The histopathologic synovitis grading scale [20, 21] we used does not predict biomechanical cartilage properties. Although this grading system is the only established score [45] , it is intended primarily to differentiate between OA and rheumatoid arthritis. More advanced immunohistochemical markers like Ki-67 or CD68 [38] might be necessary to define a more sensitive grading system for the synovium in patients with OA of the knee. Such a grading system might lead to better correlations of the histopathologic degree of synovitis and biomechanical properties of articular cartilage in the lateral compartment in patients with medial compartment OA. The lack of correlation between the MRI grades of overall synovitis and histopathologic synovitis might be explained by the different grading scales and because MRI evaluated the synovium of the entire knee but the histologic analysis only looked at samples from the suprapatella pouch. This explanation is supported by Lindblad and Hedfors [24] who reported that inflammatory changes of the synovium are present only adjacent to cartilage degeneration. Signs of synovial inflammation therefore seem to be more prominent in areas close to degenerated cartilage [15] .
Our relatively small series suggested that the lateral compartment cartilage in varus knees with elevated synovial fluid WBC counts has inferior biomechanical properties compared with cartilage in knees with normal WBC counts. If confirmed by larger studies, it suggests that in knees with lateral compartment cartilage suitable for medial UKA (Outerbridge Grade 0 or 1), increased synovial fluid WBC levels might present a risk factor for more rapid cartilage deterioration than those with a low WBC. Longer followup of these patients is needed to see if the predictions of earlier deterioration of the lateral cartilage in the high WBC group occur.
